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Abstract 
Gypsum materials and products are related to progressive building materials because of their simplicity, efficiency, and low 
energy intensity of production of gypsum binders. Sufficient supply of natural gypsum provides the advantageous production of 
gypsum binding materials. Products based on gypsum binders have relatively low heat and sound conductivity and low weight, as 
well as environmental friendliness. Gypsum materials are fire-resistant, have good performance concerning steam and air 
permeability, the ability to absorb excess moisture from the air and release it at lower humidity which in its turn contributes to a 
favorable microclimate in the premises. However, gypsum binders and materials are characterized by such negative traits as high 
water demand and low water resistance. Furthermore, plaster concretes inherent limited strength, low frost resistance, and the 
necessity of a long period for drying during their manufacture. To improve the operational performance, properties of the 
gypsum-cement-pozzolan binder were studied where portland cement and silica fume were used as an active mineral additive. It 
is shown that with the use of active mineral additives in combination with the silica fume it is possible to obtain a binder with a 
low coefficient of softening and high resistance to frost. 
© 2016 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the organizing committee of ICIE 2016. 
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1. Main text  
In recent years the interest in materials based on gypsum has significantly increased. Natural gypsum is a local 
natural raw material in many regions of Russia (its proven deposits represent more than 300 million tons). Simple 
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and low energy-consuming technology of its production could turn this binder into a serious competitor of portland 
cement. However, with all the technological, operational, technical, and economic advantages of hardened gypsum 
binder has some structural disadvantages: low water and frost resistance, low strength and significant creep 
(especially in wet conditions). This limits its use in construction mainly in decorative finishing and insulating 
materials and products for air-dry conditions. 
Currently many different ways to improve water resistance of gypsum products are proposed. One of the most 
efficient and cost-effective ways to improve water resistance of gypsum products is the introduction of portland 
cement or ground granulated blast furnace slag together with active hydraulic additives. This mixed binder was 
named gypsum-cement-puzzolan. It has been suggested by A.V.Volzhensky and under his guidance developed in 
Moscow State University of Civil Engineering (Former Kuybyshev MGSU) by R.V.Ivannikova, V.I.Stambulko, 
A.V.Ferronskaya, and in All-Russian Scientific and Research Institute of Automation Control in Industrial Sphere 
and the Academy of Construction and Architecture of the USSR by G.S.Kogan, Yu.S.Tsukanov, V.P.Scheglova et 
al., as well as the technology of its production and use in various products and structures [1-6]. 
It seemed tempting to use the possibility of combining materials with portland cement plaster in any ratio and 
getting binders hardening without damaging deformations and characterized by a resistance to water, high sulphate 
resistance, and speed of growth, i.e. positive properties of individual components. It has been found that if the 
mixture of gypsum binders with portland cement the proper amount of pozzolanic (hydraulic) additives containing 
silica in active form is introduced their stability is attained, as well as the complete growth and durability during 
prolonged hardening or air in water environment without destructive deformation [7-10]. 
It was found that a variety of materials having in its composition active silica (fossil flour, diatomite, volcanic 
ashes, tuffs and trasses, ashes, etc.) can be used as hydraulic acidic additives. These additives must be pre-
comminuted to a residue of 10% on the sieve No. 008. The number of hydraulic additive introduced in the mixture 
of gypsum and cement depends on its activity and is determined by a special method [11-17]. 
Gypsum-cement-puzzolan binders binding according to compressive strength is divided into two grades í 100 
and 150. The setting time of binders is the following: initial stage – not less than 4 minutes, final stage – not more 
than 20 minutes. Fineness of grinding (% residue by weight on the sieve No. 02) is not more than 15% for the grade 
100 and 10% for grade 150. 
You can get the usual concrete grades to 15-20 MPa depending on the consumption of a binder (300-450 kg/m3) 
and the mobility of concrete mixes from gypsum-cement-puzzolan binders made on the basis of plaster and portland 
cement of the grade 400 and higher. The coefficient of softening is 0.6-0.8. Durability of concrete in 2-3 hours after 
production reaches 30-40% of the grade. 
Concretes from gypsum-cement-puzzolan binders with high Į-gypsum have compressive strength 10-12 MPa in 
2-3 hours and 30-40 MPa after 7-15 days of normal hardening. These concretes are characterized by approximately 
the same elasticoplastic properties as portland cement concrete of equal strength grades. Gypsum-cement-puzzolan 
binders on high-strength gypsum and fast hardening cement of grades 500 and 600 harden intensively hard. 
It is important to mention that if the gypsum concretes are characterized by high levels of creep (especially in wet 
condition), the creep of concretes on gypsum-cement-puzzolan binders comprising 20-25% of cement or more are 
characterized by approximately the same creep as concretes based on portland cement. For acceleration of hardening 
of concrete on gypsum-cement-puzzolan binders they may be steamed at 70-80 ° C for 4-6 hours, and the achieved 
strength is 70-90% of the final one. Steel reinforcement in products based on gypsum-cement-puzzolan binders 
should be protected by the appropriate coatings or additives of sodium nitrite. 
Concretes and products based on gypsum-cement-puzzolan binders are characterized by frost resistance of 20-50 
cycles depending on the composition of binders and their specific consumption, type, composition, and density of 
concrete and other factors. In terms of sulphate resistance the abovementioned binders are equal to sulphate resistant 
portland cement [18-21]. 
D.G. Sagdatullinym has also developed composition and manufacturing techniques of water-resistant high-
strength gypsum-cement-puzzolan binders with 50-150 MPa on cement, plaster of grade G-6, and silica fume in the 
amount of not less than 55% by weight of the binder with good processing properties. On the basis of this binder 
compositions fine and heavy concrete with a strength class V22,5-B60 have been obtained, as well as concrete on 
lightweight aggregate with a strength of 0.8 MPa to 5 MPa and density of 300 kg/cu.m. to 1000 kg/cu.m. [22]. 
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However, complex solution of the issues of improvement of water and frost resistance by introducing additives to 
ordinary raw materials has not been found yet. Therefore, the aim of the work was to obtain a binder with a low 
coefficient of softening and high resistance to frost. Also it was necessary to study the effect of the duration of the 
water curing on strength characteristics of sand concrete. Sand concrete was used for testing with the composition 
1:3 with water-cement ratio of 0.6. 
As binder components the following elements were used: gypsum from Chelyabinsk Gypsum Fiber Plant, cement 
CEM II/A-H 32,5N (PC 400 D20) from OJSC ‘Dyckerhoff Korkino Cement’, and microsilica from Chelyabinsk 
Electrometallurgy Plant. 
To accomplish the abovementioned goal three-factor experiment has been realized; the matrix plan of the 
experiment consisted of fifteen lines and the varied factors were the cost of gypsum, cement, and silica fume. 
Analysis of the results included mathematical processing of results of research in order to obtain values of a 
polynomial of the third degree. [23] The matrix plan is presented in Table 1. 
Table 1. Matrix plan of the experiment 
X1 (Gypsum) X2 (Cement) X3 (Silica Fume) % from mbind Silica Fume, % 
from Cement Code  Code  Code  Gypsum Cement Silica Fume 
- 30 - 25 - 3 51,7 43,1 5,2 12 
+ 70 - 25 - 3 71,4 25,5 3,1 12 
- 30 + 55 - 3 34,1 62,5 3,4 5,5 
+ 70 + 55 - 3 54,7 43,0 2,3 5,5 
- 30 - 25 + 5 50 41,7 8,3 20 
+ 70 - 25 + 5 70 25 5 20 
- 30 + 55 + 5 33,3 61,1 5,6 9,1 
+ 70 + 55 + 5 53,8 42,3 3,9 9,1 
- 30 0 40 0 4 40,5 54,1 5,4 10 
+ 70 0 40 0 4 61,4 35,1 3,5 10 
0 50 - 25 0 4 63,3 31,6 5,1 16 
0 50 + 55 0 4 45,9 50,3 3,8 7,3 
0 50 0 40 - 3 53,8 43,0 3,2 7,5 
0 50 0 40 + 5 52,6 42,1 5,3 12,5 
0 50 0 40 0 4 53,3 42,6 4,3 10 
 
The following test procedure was carried out: after molding the samples had been stored over the surface of the 
water for 7 days and then placed in water. After 28 days of storage compressive and flexural strength in a water-
saturated state were determined, as well as compressive and flexural strength of dry samples and the coefficient of 
softening. Part of the samples had been taken away for frosting. After 20 cycles of standard tests (all-Union State 
Standard 10060-76) frost resistance coefficient in compression was determined (kcomprfrost.=Rst.compr./Rɨcompr.) and frost 
resistance coefficient under bending (kbend.frost.= Rst.bend./Rɨbend.). Test results are shown in Table 2. 
Results of mathematical processing are the dependencies of properties of gypsum-cement-puzzolan binders on 
consumption of raw materials in the form of regression equations: 
ൌ଴ ൅ଵ ή ଵ ൅ ଶ ή ଶ ൅ ଷ ή ଷ ൅ ଵଵ ή ଵଵ ൅ ଵଶ ή ଵ ή ଶ ൅ ଵଷ ή ଵ ή ଷ ൅ ଶଶ ή ଶ ή ଷ ൅ ଷଷ ή ଷଷ,        (1) 
where b0… b33 are calculation coefficients of a model equation; x1… x33  values of varied factors; y  
characteristics of gypsum-cement-puzzolan binders. 
Values of coefficients and characteristics of gypsum-cement-puzzolan binders are shown in Table 3. 
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Table 2. Test results on gypsum-cement-puzzolan binders 
Rbend., MPa 
Kɪ 
Rcompr., MPa 
Kɪ 
After 20 Cycles 
Kbend.frost. Kcompr.frost. 
Wet Dry Wet Dry Rbend., MPa Rcompr., MPa 
2,08 
2,23 
2,29 
 
 
 
Av.=2,2 
4,41 
3,85
4,54 
 
 
 
 Av.=4,27 
 
 
0,52 
4,4 
5,5 
6,7 
7,7 
8,3 
6,7 
 Av.=6,6 
17,9 
12,1 
16,2 
10,6 
16,9 
14,7 
 Av.=14,7 
 
 
0,45 
2,28 
2,68 
2,13 
 
 
 
 Av.=2,36 
8,3 
8,7 
4,9 
5,0 
5,0 
5,8 
Av.=6,3 
 
 
1,07 
 
 
0,96 
1,56 
1,56 
1,59 
 
 
 
Av.=1,57 
3,61 
4,11 
4,01 
 
 
 
Av.=3,91 
 
 
0,4 
3,1 
5,2 
3,4 
5,2 
3,8 
5,2 
Av.=4,3 
12,4 
11,9 
12,7 
11,8 
10,4 
11,8 
Av.=11,8 
 
 
0,36 
 
1,25 
1,02 
1,32 
 
 
 
 Av.=1,20 
2,2 
1,7 
2,7 
2,6 
2,1 
3,0 
 Av.=2,36 
 
 
0,76 
 
 
0,55 
2,21 
2,38 
2,38 
 
 
 
Av.=2,32 
3,63 
3,87 
3,54 
 
 
 
Av.=3,68 
 
 
0,63 
6,2 
7,2 
6,5 
7,8 
6,7 
6,8 
Av.=6,9 
9,7 
7,4 
10,0 
7,2 
15,1 
6,6 
Av.=9,33 
 
 
0,74 
2,34 
1,98 
2,30 
 
 
 
 Av.=2,21 
5,2 
8,0 
6,0 
8,2 
7,0 
7,0 
Av.=6,9 
 
 
0,95 
 
 
1,00 
1,89 
2,00 
2,47 
 
 
 
Av.=2,12 
5,07 
4,95 
5,35 
 
 
 
Av.=5,12 
 
 
0,41 
5,0 
5,7 
5.4 
5,9 
5,5 
5,6 
Av.=5,5 
12,6 
8,3 
15,4 
9,6 
10,7 
9,9 
Av.=11,1 
 
 
0,50 
1,84 
1,67 
1,49 
 
 
 
 Av.=1,67 
3,3 
3,0 
3,0 
4,3 
3,5 
4,4 
Av.=3,6 
 
 
0,79 
 
 
0,65 
2,62 
2,52 
2,37 
 
 
 
Av.=2,5 
4,79 
4,85 
4,82 
 
 
 
Av.=4,82 
 
 
0,52 
9,1 
8,7 
4,2 
4,5 
6,9 
6,2 
Av.=8,1 
19,8 
20,4 
20,8 
21,7 
19,5 
20,4 
Av.=20,4 
 
 
0,39 
 1,28 
 1,49 
 1,15 
 
 
 
 Av.=1,31 
2,1 
3,0 
2,4 
3,1 
2,5 
2,2 
Av.=2,6 
 
 
0,52 
 
 
0,32 
1,98 
1,93 
2,05 
 
 
4,82 
4,22 
4,34 
 
 
 
 
0,45 
4,0 
3,7 
5,5 
2,6 
3,5 
14,0 
10,9 
13,6 
10,0 
10,8 
 
 
0,33 
 0,92 
 0,96 
 1,00 
 
 
3,0 
2,5 
2,9 
2,7 
1,9 
 
 
0,48 
 
 
0,67 
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Av.=1,99 
 
Av.=4,46 
3,8 
Av.=3,8 
10,6 
Av.=11,7 
 
 Av.=0,97 
2,5 
Av.=2,6 
2,13 
2,16 
2,56 
 
 
 
Av.=2,28 
3,44 
2,80 
3,09 
 
 
 
Av.=3,11 
 
 
0,73 
6,2 
6,2 
7,6 
7,9 
6,8 
6,0 
Av.=6,8 
12,7 
9,9 
10,8 
9,8 
8,9 
8,5 
Av.=10,1 
 
 
0,68 
2,29 
1,70 
1,83 
 
 
 
Av.=1,94 
5,1 
7,7 
6,0 
6,5 
8,5 
6,2 
Av.=6,7 
 
 
0,80 
 
 
1,02 
2,21 
2,15 
2,20 
 
 
 
Av.=2,19 
3,84 
3,13 
3,43 
 
 
 
Av.=3,47 
 
 
0,63 
4,4 
6,2 
6,1 
5,0 
6,4 
5,7 
Av.=5,6 
12,0 
13,1 
13,6 
13,3 
14,4 
13,6 
Av.=13,3 
 
 
0,42 
2,04 
1,92 
1,98 
 
 
 
 Av.=1,98 
4,3 
5,6 
5,0 
4,5 
5,7 
6,8 
Av.=5,3 
 
 
0,90 
 
 
0,95 
2,49 
2,62 
2,44 
 
 
 
Av.=2,5 
2,89 
2,89 
3,00 
 
 
 
Av.=2,93 
 
 
0,85 
6,2 
5,3 
5,6 
7,2 
7,5 
4,7 
Av.=6,1 
9,1 
11,9 
11,2 
13,2 
11,9 
11,8 
Av.=11,5 
 
 
0,53 
1,76 
1,76 
1,64 
 
 
 
 Av.=1,68 
4,3 
6,8 
7,2 
5,0 
5,6 
5,9 
Av.=5,8 
 
 
0,69 
 
 
0,95 
2,08 
2,17 
1,97 
 
 
 
Av.=2,07 
3,78 
4,44 
4,09 
 
 
 
Av.=4,10 
 
 
0,50 
3,5 
3,6 
3,8 
4,1 
3,8 
4,2 
Av.=3,9 
11,2 
8,2 
9,8 
11,0 
10,0 
9,9 
Av. Av.=10,0 
 
 
0,39 
1,72 
1,58 
1,37 
 
 
 
 Av.=1,56 
4,0 
5,0 
3,8 
3,8 
3,8 
3,9 
Av.=4,1 
 
 
0,76 
 
 
1,05 
1,51 
1,64 
1,57 
 
 
 
Av.=1,57 
3,48 
4,22 
3,85 
 
 
 
Av.=3,85 
 
 
0,41 
6,6 
6,1 
6,5 
6,8 
6,6 
5,6 
Av.=6,4 
13,0 
13,0 
13,5 
13,0 
12,6 
12,9 
Av.=13,0 
 
 
0,49 
1,33 
1,34 
1,29 
 
 
 
 Av.=1,32 
3,6 
29 
2,4 
2,5 
2,3 
3,7 
Av.=2,9 
 
 
0,84 
 
 
0,46 
2,08 
2,09 
2,12 
 
 
 
4,12 
4,14 
4,26 
 
 
 
 
 
0,50 
5,2 
5,4 
5,5 
6,2 
6,3 
5,5 
12,2 
12,7 
11,9 
13,4 
14,4 
10,9 
 
 
0,43 
1,91 
1,91 
1,95 
 
 
 
4,8 
5,8 
4,6 
3,7 
5,8 
4,7 
 
 
 
0,91 
 
 
 
0,90 
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Av.=2,1 Av.=4,17 Av.=5,4 Av.=12,7  Av.=1,92 Av. Av.=4,9 
1,86 
2,32 
2,18 
 
 
 
Av.=2,12 
3,63 
3,76 
3,96 
 
 
 
Av. 
Av.=3,78 
 
 
0,56 
4,6 
5,2 
5,5 
7,5 
5.4 
6,4 
Av.=5,8 
11,8 
14,0 
12,4 
14,6 
10,3 
12,1 
Av.=12,6 
 
 
0,46 
1,21 
1,23 
1,24 
 
 
 
 Av.=1,23 
2,0 
2,2 
2,1 
3,0 
2,7 
2,5 
Av.=2,4 
 
 
0,58 
 
 
0,42 
2,16 
2,30 
1,92 
 
 
 
Av.=2,13 
3,35 
3,32 
3,69 
 
 
 
Av.=3,45 
 
 
0,62 
5,8 
6,8 
7,1 
7,2 
6,2 
7,6 
Av. Av.=6,8 
14,5 
14,3 
15,1 
15,9 
14,7 
15,8 
Av.=14,5 
 
 
0,47 
1,25 
1,27 
0,81 
 
 
 
 Av.=1,11 
2,9 
3,0 
4,3 
4,4 
3,3 
3,7 
Av.=3,6 
 
 
0,53 
 
 
0,52 
1,93 
2,21 
2,38 
 
 
 
Av.=2,17 
4,35 
4,52 
4,12 
 
 
 
Av.=4,48 
 
 
0,55 
4,4 
5,5 
7,2 
5,3 
5,9 
6,1 
Av.=5,7 
15,4 
15,4 
15,8 
10,2 
12,9 
12,6 
Av.=13,8 
 
 
0,41 
1,57 
1,40 
1,49 
 
 
 
 Av.=1,49 
2,4 
2,7 
2,5 
2,6 
2,5 
2,6 
Av.=2,6 
 
 
0,69 
 
 
0,45 
Table 3. Coefficients of regression equations and characteristics 
 
Characteristic 
feature 
Coefficients of equations 
F-test 
b0 b1 b2 b3 b11 b12 b13 b22 b23 b33 
Kcompr.frost. 0,62 -0,04 0,16 -0,01 0,33 -0,05 0,13 0,01  0,1 -0,2 0,15 
Rcompr., dry 12,8 -1,01 -1,39 1,05 -1,50 2,04 -0,82 0,17 -0,2 1,17 5,02 
Rbend.,dry 3,64 -0,16 -0,2 -0,06 -0,27 0,26 -0,23 0,48 -0,4 0,31 3,16 
Kbend.ɪ 0,56 -0,09 0,06 0,04 0,09 -0,02 0,02 -0,132 0,03 0,003 0,05 
Kcompr.ɪ 0,44 -0,08 0,07 -0,02 0,01 -0,04 0,003 0,01 -0,007 0,018 0,06 
Kbend.frost. 0,69 -0,03 0,07 -0,09 0,04 0,04 0,07 0,19 0,0987 -0,13 1,27 
2. Conclusion 
According to the results of the experimental data and regression dependencies we can draw the following 
conclusion: introduction of silica fume reduces the concentration of calcium hydroxide in aqueous suspension of 
gypsum + cement + hydraulic additive to a level at which the conditions of stable existence of highly basic calcium 
hydroaluminates (4CaO·Al2O3·13H2O and 3CaO·Al2O3·6H2O) are violated and preconditions for moving them into 
more stable low basic ones are created. Moreover, Ca(OH)2 and SiO2 are given by hydrosilicates of CSH (B) type 
according to R.Bogg or C-S-H(I) according to H.Taylor. This, in its turn, allows solving complex issues on 
improvement of water resistance and resistance by introducing additives to ordinary raw materials. 
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